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It has been shown that canine and human hearts exhibit a
cardiac cycle-dependent variation of integrated backscatter
(cyclic variation) that reflects intrinsic regional contractile
performance. To determine whether ultrasound tissue
characterization can identify viable though stunned myo-
cardium before recovery of regional wall thickening, tran-
sient ischemic injury was produced in eight open chest dogs
for 15 min followed by reperfusion for h. Cyclic variation
and wall thickening were measured before ischemia, at 15
min after the onset of ischemia and at selected intervals
after the onset of reperfusion from multiple sites within the
ischemic zone with a novel combined two-dimensional and
M-mode acquisition system. Cyclic variation and wall
thickening were computed from digitized M-mode inte-
grated backscatter images with an algorithm developed and
validated for this purpose . Magnitude and "delay" of
cyclic variation and wall thickening were compared . Delay
represents the degree of synchrony of regional cyclic vari-
ation or wall thickening with global ventricular mechanical
systole .
Baseline cyclic variation and wall thickening magnitudes
were 3.8 ± 0 . dB and 37 ± 1 .4%, respectively . With
ischemia, cyclic variation and wall thickening decreased to
1.7 ± 0 . dB and 17 ± %, respectively (p < 0.05,
A major problem facing modern cardiology has been the
identification of viable but "stunned" myocardium within a
region of acute ischemic injury . This issue has gained in
importance particularly in this era of rapid interventional
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compared with baseline) . Cyclic variation recovered to
baseline levels within 0 min after reperfusion (3 .3 ± 0.4
dB, p = NS) . Wall thickening remained depressed for h
after the onset of reperfusion ( 3 ± %, p < 0.05 compared
with baseline) . Delay of cyclic variation in a unitless ratio
expressed as delay (in milliseconds) divided by the QT
interval (in milliseconds) increased from 0.87 ± 0.03 at
baseline to 1.10 ± 0 .1 with ischemia, a change consistent
with mild asynchrony, and returned to baseline (0 .95 ±
0.07, p = NS compared with baseline) within 0 min after
reperfusion. Delay of wall thickening was 0.88 ± 0.0 at
baseline, increased to 1 . 3 ± 0.09 with ischemia and
remained significantly increased h after reperfusion (1 .07
± 0.05, p < 0 .05 compared with baseline) .
Recovery time constants for cyclic variation and wall
thickening with reperfusion reflected earlier restoration of
cyclic variation (8 .1 min) than of wall thickening (4 0.5
min) . Thus, cyclic variation recovers before wall thickening
with reperfusion. Its analysis appears to provide a useful
index of the presence of viable and potentially salvageable
tissue in regions of stunned myocardium that is indepen-
dent of wall thickening.
(J Am Coil Cardiol 1989;14:46 -71)
treatment for acute myocardial infarction . Current clinical
methods for the assessment of left ventricular contractile
performance that depend on analysis of regional wall motion
cannot identify viable tissue within a region of stunned
myocardium associated with acute ischemic injury until and
unless wall motion improves (1-9) . Results with these meth-
ods typically overestimate the extent of injured tissue by
failing to distinguish between reversibly injured myocardium
and tissue that may be moving abnormally because of factors
such as excessive regional afterload or tethering of normal
myocardium by ischemic tissue ( -4,6-10) . Furthermore, the
prolonged time course of recovery of regional wall motion
after arterial occlusion and reperfusion may preclude accu-
rate, early estimation of tissue viability needed for clinical
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decisions (5,11-13)
. Early detection of viable myocardium
within a region of reversibly injured muscle is critical for the
evaluation of patients with acute myocardial ischemic injury
undergoing treatment designed to restore coronary artery
patency and salvage reversibly injured myocardium
.
Ultrasound tissue characterization with integrated back-
scatter offers promise as a noninvasive means for assessing
left ventricular contractile performance independent of wall
motion (14-18) . We and others (14- 6) have shown that
animal and human myocardium exhibits physiologic, cardiac
cycle-dependent variation of integrated backscatter that is
altered promptly by ischemia and by reperfusion and is
modified by phenomena manifested as dilated cardiomyop-
athy or remote infarction, and that it reflects regional left
ventricular contractile performance . Our laboratory (16) and
others (17) have shown in experimental animals that the
magnitude of cyclic variation of integrated backscatter bears
a complex, nonlinear relation to wall thickening and that the
recovery of endocardial motion lags behind the recovery of
cyclic variation after brief periods of myocardial ischemia .
However, quantitative relations between recovery of wall
thickening and recovery of cyclic variation of integrated
backscatter after transient ischemic injury and reperfusion
have not been delineated .
Myocardial characterization with ultrasound delineates
physical characteristics of intramural myocardial segments
without reliance on regional wall motion that may be influ-
enced by factors other than intrinsic contractile performance
such as regional afterload and tethering . Accordingly, we
hypothesized that brief periods of myocardial ischemia
known not to result in permanent myocardial injury would
yield changes in cyclic variation of integrated backscatter
and that these changes would recover more quickly than
changes in wall thickening and hence serve as a more
sensitive early index than would wall thickening for detec-
tion of viable but stunned myocardium .
Methods
Animal p 5eparation . Eight adult mongrel dogs of either
gender ( 5 tb
30 kg) were anesthetized with intravenous
sodium thiopental (4 mg/kg body weight), endotracheally
intubated and ventilated with a mixture of halothane
(0.5%) and oxygen with a Harvard ventilator (Harvard
Apparatus) . Fluid balance was maintained with a constant
intravenous infusion of lactated Ringer's solution at a
rate of approximately 100 ml/h through the femoral vein .
Arterial blood gases were maintained within the physiologic
range . Left ventricular pressure was measured continuously
with a micromanometer-tipped catheter (Millar Instruments)
passed retrograde across the aortic valve through the carotid
artery. The electrocardiogram (ECG) was monitored contin-
uously. A left thoracotomy was performed and the heart
suspended in a pericardial cradle . The left anterior descend-
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ing coronary artery, its distal diagonal branches and mar-
ginal branches of the left circumflex coronary artery were
dissected free from surrounding connective tissue . Multiple
silk suture snares were placed around them to limit collateral
flow at the time of induction of coronary occlusion . After
systemic heparinization with an intravenous bolus injection
of 3,000 to 5,000 U of heparin sodium, the snares were
tightened to produce ischemia in a region of the anterior left
ventricular freewall that was sufficient to obtain ultrasound
measurements but did not cause hemodynamic compromise .
Lidocaine (1 mg/kg) was administered by bolus intravenous
injection before, during and after coronary occlusion for the
control of ventricular ectopic activity . Occlusions were
maintained for 15 min and then released . Ischemia was
confirmed by the presence of tissue cyanosis and diminished
wall thickening in the region selected for ultrasound evalu-
ation. At the conclusion of each study, cardiac arrest was
induced in each animal with an intravenous injection of a
saturated solution of potassium chloride . All animals were
cared for in accordance with guidelines established by the
Committee for Humane Care of Laboratory Animals at the
Washington University School of Medicine .
Ultrasonic measurements . A 64 channel, 5 MHz phased-
array transducer was mounted on a fluid-filled standoff
device sealed with a latex sheath and held perpendicular to
and in direct contact with the anterior left ventricular free-
wall of the beating heart in open chest dogs such that the
focal zone of the ultrasound beam was in the mid-myocardial
region. Both conventional and integrated backscatter M-
mode images were obtained with a modified, commercially
available echocardiographic imaging system . Much of the
front-end signal processing employed was the same as that
used for conventional two-dimensional and M-mode echo-
cardiographic imaging and has been described in detail
( 5, 7). Briefly, signals from each transducer element were
amplified, mixed to an intermediate frequency, phase
shifted, delayed and summed with signals from all other
elements. The summed intermediate frequency signal was
then sent either to the standard video processing path or to
a special integrated backscatter processor before scan con-
version. The processor used employs digital hardware to
produce a continuous signal that is proportional to the
logarithm of integrated backscatter along each image line,
with an integration time of 3 . µs . Approximately 30 dB of
dynamic range is used for the standard video display .
Single M-mode frames of integrated backscatter images
were recorded simultaneously with an ECG trace at a sweep
speed of 50 mm/s . Transmit power and time gain compensa-
tion controls were adjusted to yield optimal integrated back-
scatter images from each dog
. The effect of transmit power
and time gain compensation settings on the cyclic variation
of integrated backscatter has been evaluated in our labora-
tory (
5) and was found to have no effect on the magnitude
of cyclic variation as long as values of time-averaged inte-
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grated backscatter remained within the dynamic range of the
system . Once the transmit power and time gain compensa-
tion controls had been set for each dog they were not
changed during the course of the data acquisition . Absolute
calibration of the imaging system is not required for mea-
surement of the cyclic variation of integrated backscatter .
Integrated backscatter M-mode images were obtained at a
sweep speed of 50 mm/s, digitized, transferred through a
general purpose information bus and stored on a hard disk in
an HP-1000 computer for later off-line analysis . Digitized
integrated backscatter image data contained 64 gray scale
levels per pixel, yielding a resolution of 0 .5 dB in integrated
backscatter intensity per pixel . Only 3 gray scale levels
could be displayed per pixel on the video screen, each
corresponding to a 1 .0 dB increment in integrated backscat-
ter intensity . The values for integrated backscatter and wall
thickening were computed from the higher resolution data
collected before the conversion to video images . Typically,
5 s of image data was collected with each sample and
provided four to six cardiac cycles for analysis . The ECG
was recorded simultaneously with the image data . Multiple
samples (four to seven per dog) of integrated backscatter
M-mode image data were collected at baseline within the
area to be made ischemic at 15 min after arterial occlusion
and at 5, 10, 0, 30, 60 and 1 0 min after the initiation of
reperfusion .
Analysis of integrated backscatter and wall thickening .
The integrated backscatter M-mode image data were pro-
cessed with use of a simple edge detection algorithm . Loca-
tions of the epicardial and endocardial surfaces were esti-
mated at the occurrences of maximal rate of change in
integrated backscatter values across a threshold arbitrarily
chosen between typical values for myocardium and back-
ground clutter . These estimates were then regularized by
considering variations in neighboring M-lines to produce
smoothly varying curves identifying the presumed myocar-
dial boundaries . The central 60% of the myocardium was
then located by excluding the first (subepicardial) and last
(subendocardial) 0% of the myocardial wall, resulting in a
demarcation of the site of analysis for the calculation of
integrated backscatter . The thickness of the myocardial wall
was calculated for each M-line and the regional average
value of integrated backscatter was also found, resulting in
measurements of both integrated backscatter and wall thick-
ness as a function of time .
The integrated backscatter and wall thickening data were
then analyzed with an automated computer algorithm devel-
oped and validated in our laboratory ( 8) . The algorithm
uses an idealized model of the cyclic variation that makes
only minimal assumptions about the precise form of the
variation. These assumptions are that the variation is cyclic
with a period equal to the RR interval and that values of
integrated backscatter are greater at end-diastole than at
end-systole . An average systolic interval equivalent to the
QT interval and an average period equivalent to the RR
interval for each integrated backscatter trace were indepen-
dently estimated from the accompanying ECG by determin-
ing the times corresponding to the beginning of each QRS
complex and the end of each T wave .
The analysis algorithm uses only the regional average
integrated backscatter data and three time variables deter-
mined from the ECG (a time origin corresponding to the first
QRS complex, average QT interval and average RR interval)
as input . The objective model function of the cyclic variation
of integrated backscatter appropriate to a particular data
trace is formulated by assigning a lesser backscatter value
for a time equal to the QT interval (corresponding to a lower
value of backscatter during systole) and a greater value for
the remainder of the heart cycle (corresponding to diastole),
which is then cyclicly repeated at the average RR interval .
The magnitude of cyclic variation described by the model is
initially arbitrary . Digital low pass filtering produced a
smoothly varying model function (Fig . 1), which is then
offset such that a zero mean occurs over the cardiac period .
For consistency, the actual data are also low pass filtered .
The data set is truncated at both ends, retaining only the
integrated backscatter measurements from an integral num-
ber of heart periods . Both the mean and any overall sloping
trend present in the data are removed by determining the
least squares line to the smoothed data and subtracting it
from the corresponding model function .
Because regional mechanical contractile events may not
be synchronized exactly ("in phase") with global contractile
events, a time delay is calculated for each set of integrated
backscatter data to estimate the delay of regional cyclic
variation with respect to global ventricular mechanical sys-
tole . The best delay was estimated by maximizing the cross
correlation of the data and model functions with respect to
the amount of time delay between the time origin (onset of
the QRS complex) and the center of the decrease in inte-
grated backscatter that occurs during ventricular mechanical
systole . This delay approximately corresponds to the inter-
val between the QRS complex and the nadir of cyclic
variation of integrated backscatter . To compensate for the
effects of changes in heart rate, delays were normalized as
the estimated delay time divided by the average QT interval
so that the estimated delays were expressed as a unitless
ratio (delay time in milliseconds divided by the QT interval
in milliseconds) . We ( 6) have previously evaluated the
utility of this delay ratio in conjunction with the magnitude of
cyclic variation of integrated backscatter for delineation of
remote myocardial infarction from normal myocardium .
Delay values for wall thickening were calculated in the same
manner and approximately correspond to the interval be-
tween the onset of the QRS complex and peak systolic wall
thickness. Delay ratios for normal human myocardium typ-
ically approximate unity ( 6) .
The magnitude of cyclic variation of integrated backscat-
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Figure 1 . Gray scale integrated backscatter M-mode images with
plots of cyclic variation of integrated backscatter
. A, A representative
baseline (preocclusion) data set . The raw curve of cyclic variation of
integrated backscatter is shown at the top of the plot . The curve
produced by the model function and electrocardiogram (ECG) with
QT intervals are below it . The boundaries of the site of analysis in the
M-mode image (bottom) are indicated by the two dotted lines within
the myocardial wall (arrows) . B, Myocardial site at 15 min of
ischemia . C, A site at 1 0 min after reperfusion . Note the lack of
recovery of wall thickening (in the M-mode image) at a time when
cyclic variation is nearly equal to baseline values . The average
magnitude of cyclic variation of integrated backscatter (in decibels)
for the site is shown at the top of each graph along with the average
value for the delay of cyclic variation (to the right of the value for
cyclic variation) . All images are from the same dog . ECG = electro-
cardiogram .
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ter is estimated from the model function by use of a selective
power spectrum comparison technique . At the harmonic
frequencies of the model, the power of the data and the
model are compared by calculating individual frequency
power ratios
Pk(D)
Rk
Pk(M)
where Pk denotes spectral power at a particular frequency
and D andM refer to the data and model. An overall power
similarity ratio S, which is the average of the individual
frequency power ratios weighted by the corresponding
power content of the data, is then calculated as
RkPk(D)
k
S=
E Pk(D)
k
where the summation index k includes only the allowed
harmonic frequencies ( 8) . The estimate of the magnitude of
cyclic variation is calculated as Magnitude = \/S_ X magni-
tude of the model variation
.
Systolic wall thickening was quantified with the same
algorithm but with the model function inverted so that
instead of decreasing with mechanical systole, as integrated
backscatter does, the values for wall thickness increased .
For diastole, the wall thickness model assumes minimal
values. The percentage wall thickening during systole was
expressed as the percent increase over end-diastolic values as
Percent wall thickening =
(end-systolic wall thickness) - (end-diastolic wall thickness)
end-diastolic wall thickness
x 100 .
The use of this algorithm to estimate the magnitude of both
cyclic variation and wall thickening provided a consistent
method of analysis for both parameters unbiased by different
analytic methodologies or arbitrary data selection .
Gray scale (3 levels) M-mode images of the ventricular
wall were produced with a laser printer along with plots of
actual integrated backscatter, plots of the model cyclic
variation estimated by the algorithm and the ECG with QT
intervals delineated by the computer (Fig . 1) . Each individ-
ual site was reviewed prospectively for accuracy of place-
ment of the site of analysis within the myocardial wall,
delineation of the QT interval and for the presence of
premature ventricular contractions. Data were excluded
prospectively from analysis only on the basis of the follow-
ing objective criteria
: 1) the reduction algorithm could not
correctly detect the endocardial wall boundaries because of
interference by the mitral valve apparatus, papillary muscles
or chordal structures ; ) incorrect placement of the QT
interval ; or 3) presence of premature ventricular contrac-
tions in the digitized data sets .
Errors involving the first factor result in inaccurate values
of integrated backscatter and wall thickness . Incorrect
placement of the QT interval results in an incorrect model
function. The effect of a premature ventricular contraction
and that of the compensatory beat following it on the cyclic
variation of integrated backscatter is not known so these
sites were also excluded prospectively from analysis . Wall
thinning with acute ischemia had no effect on the ability of
the algorithm to detect the endocardial boundary as long as
the mitral valve apparatus, papillary muscles or chordal
structures did not interfere with the image acquisition
. Of the
389 sites studied, 198 sites were used for the final statistical
analysis. Of the sites excluded prospectively, 77% were
excluded because of errors in the placement of the site of
analysis, 1 % because of inaccurate placement of the QT of
interval, 7% because the presence of premature ventricular
contractions and the remaining 4% for a combination of
these three criteria . The majority of the errors in the place-
ment of the site of analysis were due to the inability of the
algorithm to accurately distinguish the endocardial and epi-
cardial boundaries when extramural structures such as the
mitral valve, chordae tendineae or left ventricular pressure
catheter appeared in the digitized data . Despite the exclusion
of these sites, all remaining data were paired so that each site
was matched for measurement of cyclic variation and wall
thickening. Thus, comparisons between cyclic variation and
wall thickening involved analysis of paired data by a single
objective algorithm that provided reproducible and ob-
server- independent measurements .
Statistical analysis . This study was designed to delineate
the time course of recovery of cyclic variation of integrated
backscatter after transient, reversible myocardial ischemic
injury and to determine whether recovery of cyclic variation
would occur more quickly than recovery of wall thickening .
An exponential equation was fitted to the averaged reperfu-
sion data for both cyclic variation of integrated backscatter
and for wall thickening for each time period to determine
time constants of recovery after coronary artery reperfusion .
Comparisons between baseline and occlusion and baseline
and reperfusion values for cyclic variation and wall thicken-
ing were made with the unpaired Student's t test. In cases of
unequal variance, the value of t was adjusted according to
the number of degrees of freedom when determining the
value of p ( 9) . Differences were deemed to be statistically
significant at the p < 0 .05 level . All values are reported in the
text and figures as mean values ± SE .
Results
Magnitude of cyclic variation of integrated backscatter
(Tables 1 and )
. Figure 1 illustrates several examples of
gray scale images and their accompanying plots of the cyclic
variation of integrated backscatter . Figure depicts the time
course of recovery of the magnitude of cyclic variation of
integrated backscatter after 15 min of myocardial ischemia .
Baseline magnitude of cyclic variation was 3 .8 ± 0 . dB and
decreased to 1 .7 ± 0 . dB with coronary occlusion (p <
0.05). The magnitude of cyclic variation recovered to levels
that were not statistically significantly different from base-
line values within 0 min after the onset of reperfusion (3 .3
0.4 dB at 0 min, p = NS compared with baseline) . By 1 0
min after the onset of reperfusion, the magnitude of cyclic
variation had returned to levels nearly equal to baseline (3 .5
± 0.3 dB, p = NS compared with baseline) . These results are
consistent with the rapid recovery of cyclic variation of
integrated backscatter after brief coronary occlusion fol-
lowed by reperfusion .
Values for the delay of cyclic variation are listed in Table
. Average baseline values for delay were 0 .87 ± 0 .03 and
increased to 1 .10 ± 0.1 with occlusion (p = NS, actual
p value 0.09) . The increase in the delay ratio indicates that
mechanical events responsible for regional cyclic variation
Figure . Recovery of cyclic variation after 15 min of ischemia . The
magnitude of cyclic variation of integrated backscatter returns to
values not significantly different from baseline within 0 min. The
occlusion (OCC) and reperfusion intervals are indicated .
m 5.0
v
z
4.0
g
Wi
U
U
}
U
0
W
0
P
z
3.0
.0
1
.0
0 .0
0 0 40
	
60 80
TIME (minutes)
100 1 0
occur later in the cardiac cycle for ischemic compared with
normally perfused tissue . Values for delay at 5 min after the
onset of reperfusion are less than those with occlusion and
are significantly different from baseline values . Mean values
for delay returned to 0.95 ± 0.07 by 0 min after the onset of
reperfusion (p = NS, compared with baseline) . These results
parallel those for the recovery of cyclic variation of inte-
grated backscatter .
Wall thickening (Tables 3 and 4) . Percent wall thickening
values at baseline, at 15 min of ischemia and at the intervals
selected after the onset of reperfusion are listed in Table 3 .
Figure 3 illustrates the time course for recovery of wall
thickening . Wall thickening at baseline was 37 ± 1 .4% and
decreased to 17 ± % with occlusion (p < 0 .05) . By h after
the onset of reperfusion it had recovered to only 3 ± %
(p < 0 .05, compared with baseline) . These values for wall
thickening are in close agreement with previously published
data (30-37) for normally perfused, modestly ischemic and
reperfused myocardium in dogs .
Values for the delay of wall thickening are listed in Table
4 . Delay in wall thickening was 0 .88 ± 0.0 at baseline and
increased to 1 . 3 ± 0.09 with ischemia (p < 0 .05) . At h
after the onset of reperfusion, the delay in wall thickening
was 1 .07 ± 0.05 (p < 0 .05, compared with baseline) paral-
leling the delayed return of wall thickening . The increased
delay ratio indicates that maximal regional wall thickening
Table 3. Magnitude of Wall Thickening
*p < 0 .05 compared with values at baseline ; n = number of sites
. Values
are mean values ± SE.
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Table 1 . Magnitude of Cyclic Variation of Integrated Backscatter Table . Delay of Cyclic Variation of Integrated Backscatter
in Eight Dogs
Time Delay* n
Time dB n
Baseline 0 .87 ± 0 .03 36
Baseline 3 .8 ± 0 . 36 Occlusion for 15 min 1 .10 ± 0 .1 t 17
Occlusion for 15 min 1 .7 ± 0 . * 17
5 min after reperfusion 1
.07 ± 0 .05# 31
5 min after reperfusion .6 ± 0 . * 31 10 min after reperfusion 0 .77 ± 0 .04#
10 min after reperfusion .9 ± 0 .3* 0 min after reperfusion 0 .95 ± 0.07t
0 min after reperfusion 3 .3 ± 0 .4t 30 min after reperfusion 0 .8 ± 0.03t 3
30 min after reperfusion 4 .1 ± 0
.4t 3
60 min after reperfusion 0 .87 ± 0.04t
60 min after reperfusion 3 .4 ± 0 .3t 1
0 min after reperfusion
0 .8 ± 0.03t 5
1 0 min after reperfusion 3 .5 ± 0 .3t 5
*A unitless ratio expressed as : delay in (milliseconds) divided by QT
*p < 0
.05 compared with values at baseline
; tp = NS compared with interval (in milliseconds) ; tp = NS compared with baseline ; t p < 0 .05
compared with baseline . n = number of sites . Values are mean values ± SE .
values at baseline . n = number of sites . Values are mean values ± SE .
Time
Thickening (%) n
Baseline
37 ± 1 .4 36
Occlusion for 15 min 17
±
*
17
5 min after reperfusion
0 ± * 31
10 min after reperfusion 17
± *
0 min after reperfusion
17 ± 1*
30 min after reperfusion 19
± * 3
60 min after reperfusion
± 3*
1 0 min after reperfusion
3 ± * 5
occurs later in the cardiac cycle in ischemic compared with
normally perfused tissue .
Time course of recovery of cyclic variation compared with
wall thickening. Figure 4 shows the exponential equation
fitted to the values of the magnitude of cyclic variation of
integrated backscatter after reperfusion . Baseline values for
the magnitude of cyclic variation were not used in calcula-
tions with this equation . The time constant for the recovery
of the magnitude of cyclic variation is 8 .1 min. This means
that recovery of the magnitude of cyclic variation to baseline
values could be expected in approximately 40 min (i .e ., in
five time constants) after the onset of reperfusion . The
asymptote of this equation (3 .5 dB) if extrapolated back to
the y axis closely approximates the baseline values of the
magnitude of cyclic variation (3 .8 dB). The close correspon-
dence between the measured baseline values for cyclic
variation and the fitted asymptotic values supports the
reliability of the curve fit and the exponential nature of the
recovery functions .
Figure 5 depicts the exponential equation fitted to the
Figure 3. Recovery of wall thickening after 15 min of ischemia .
Wall thickening remains severely depressed for the entire interval
after the onset of reperfusion . The occlusion (OCC) and reperfusion
intervals are indicated .
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Figure 4. Exponential equation fitted to the reperfusion data for
cyclic variation . The recovery time constant is 8 .1 min and the
asymptote is 3.5 dB . The equation of the curve is y = (-1 .8)e_x/8
.1
+ 3 .5 . Baseline data were not used in the fitting of this equation .
reperfusion data for wall thickening . The time constant for
recovery of wall thickening is 4 0 min giving an expected
return to baseline values by approximately 35 h after the
onset of reperfusion . The fitted asymptote of this equation is
41 .1%, which is remarkably close to the measured baseline
value for wall thickening of 37% .
Discussion
These results demonstrate that the magnitude of cyclic
variation of integrated backscatter recovers more quickly
than does wall thickening after a brief period of ischemia
known not to result in irreversible myocardial injury . This
suggests that ultrasound tissue characterization with inte-
grated backscatter can sensitively detect viable but stunned
Figure 5 . Exponential equation fitted to the reperfusion data for
wall thickening . The recovery time constant is 4 0.5 min and the
asymptote is 41 .1%. The equation of the curve is y = (- 4)e
x/4 0.5
+ 41 .1 . Baseline data were not used in the fitting of this equation .
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Table 4. Delay of Wall Thickening m 5.0
v
Time Delay* n
v
z
4.0
Baseline 0 .88 ± 0 .0 36
S
Occlusion for 15 min 1 . 3 ± 0 .09t 17
W.
5 min after reperfusion 1 . 3 ± 0 .05t 31 3 .0
10 min after reperfusion 1 .16 ± 0 .06t
U
0 min after reperfusion
30 min after reperfusion
1 .15
1 . 0
± 0 .06t
± 0 .04t 3
U
U
U_
.0
60 min after reperfusion 1 .13 ± 0 .071
0
W
1 0 min after reperfusion 1 .07 ± 0 .05t 5
0
1 .0
Z
0.0
*A unitless ratio expressed as delay (in milliseconds) divided by QT
interval (in milliseconds) ; tp < 0 .05 compared with values at baseline . n =
number of sites . Values are mean values ± SE .
I
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myocardium and provide an index of recovery of contractile
function after modest, transient ischemic injury . The delay
index for both magnitude of cyclic variation and wall thick-
ening parallels the recovery of these parameters and can
serve as an additional criterion for the delineation of stunned
myocardium .
Cyclic variation of backscatter and wall motion : prior
experimental data. It was demonstrated in a canine model
by Kloner (38) and Reimer (39) et al . that the severity of
myocardial ischemic injury is determined by the duration of
ischemia
. These investigators showed that brief periods of
coronary ischemia (15 min), which primarily affect the
subendocardium, resulted in no permanent myocardial dam-
age manifested by the absence of histologic changes in these
tissues . Bolli et al . (37) showed more recently that, after a 15
min period of coronary ischemia, recovery of wall thickening
to baseline values was delayed but nearly complete by 48 h
after the onset of reperfusion . Although we did not track the
complete recovery of wall thickening to its baseline level, we
believe that the limitation of the duration of myocardial
ischemia to 15 min produced "stunned" rather than irrevers-
ibly injured tissue . Furthermore, the time course of recovery
of wall thickening paralleled that for stunned myocardium
reported by Bolli et al . (37) .
We (16) and others (17, ) have shown that the magnitude
of cyclic variation of integrated backscatter defines the
severity of ischemic injury after experimentally induced
coronary artery occlusion and reperfusion in dogs and may
be able to discriminate viable (stunned) from irreversibly
injured tissue . After occlusion maintained for only 5 min
followed by reperfusion, recovery of cyclic variation is rapid
and complete (16) . Occlusion for 0 min followed by reper-
fusion results in delayed but nearly complete recovery of
cyclic variation, whereas occlusion for 60 min results in
delayed but incomplete recovery to about 50% of baseline
magnitude of cyclic variation within a 3 h period after
reperfusion . We demonstrated (16) a discordance between
regional wall motion and intrinsic contractile performance in
dogs after acute ischemic injury. Fitzgerald et al . (17)
showed that, after brief periods of coronary occlusion,
recovery of normal endocardial wall motion is significantly
delayed in comparison with the more rapid recovery of
cyclic variation
. Furthermore, we showed (18) that cyclic
variation of integrated backscatter does not depend on
normal regional wall motion as such
.
Potential value of tissue characterization in the setting of
myocardial iscbemia
. Conventional methods for assessing
left ventricular contractile function after ischemia or infarc-
tion use endocardial motion as a criterion for deciding
normal as opposed to abnormal function of a myocardial
region
. These methods may be susceptible to errors leading
to overestimation of the extent of myocardial injury because
of inadequate differentiation of reversibly and irreversibly
injured tissue within a zone of ischemia, in part because
normal or reversibly injured but still functional tissue may
appear to be akinetic in response to increased regional
afterload or because of tethering by adjacent noncontracting
tissue ( ,7,8) . Although wall thickening reflects regional
myocardial contractile performance more accurately than
endocardial wall motion, it is susceptible to similar limita-
tions . Under physiologic conditions, the subepicardium con-
tributes less to overall wall thickening than does the suben-
docardium (40) . Epicardial segmental shortening may be
tethered by injured, noncontractile subendocardial segments
precluding or impairing detection of early improvement in
wall thickening (31-33,36) . The time course of recovery of
wall thickening we observed is consistent with that reported
recently by Bolli et al . (37) . We hypothesize that subepicar-
dial contractile function recovers significantly earlier than
does subendocardial contractile function and is sensitively
detected by the early recovery of cyclic variation of inte-
grated backscatter and that recovery of subepicardial func-
tion reflected by wall thickening is minimal because of
tethering by the persistently hypokinetic subendocardium .
We (14) and others (17) have shown that ultrasonic tissue
characterization can detect a transmural gradient of contrac-
tile performance from subendocardium to subepicardium
.
The gradient decreases with ischemia and is paralleled by a
blunted magnitude of cyclic variation of integrated backscat-
ter that returns to near normal with prompt reperfusion
(17, ) .
The delay of cyclic variation of integrated backscatter
with ischemia reflects mild asynchrony of cyclic variation
with left ventricular mechanical systole and falls within the
range of normal values as shown previously by our labora-
tory ( 6) .
This is in contrast to delay values averaging
approximately 1
.5 in subjects with remote infarction . The
improvement in delay after reperfusion may be due to more
synchronous systolic shortening occurring in injured but
recovering myocardium (41,4 ) .
Only modest ischemic injury was produced in our exper-
iments . Wall thickening was reduced from 37% to only 17% .
The experiments were designed to ensure some maintenance
of regional contractile performance presumably in more
subepicardial regions as shown by others (31,3 ,36). In view
of our results, it appears that cyclic variation of integrated
backscatter may provide a sensitive measurement of rela-
tively preserved intramural contractile function . Its sensitiv-
ity to persistent intramural contractile function may explain
in part why the magnitude of cyclic variation of integrated
backscatter is not always "zero" after ischemic injury
despite severely reduced wall thickening
. The delay of wall
thickening reflects the asynchrony of regional wall thicken-
ing in relation to global left ventricular mechanical systole
that occurs with ischemic injury . The delay is only modestly
increased with ischemia but remains significantly different
from baseline and parallels the delayed recovery of regional
wall thickening after reperfusion .
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Clinical implications . The exponential equations fitted to
the reperfusion data for cyclic variation and wall thickening
serve to underscore the more prompt recovery of cyclic
variation compared with wall thickening and suggest that the
approach developed can provide a sensitive index of the
success of reperfusion after pharmacologic or mechanical
interventions for acute myocardial infarction in patients .
Previously we found ( 4) that cyclic variation of integrated
backscatter recovers more promptly than wall motion in
injured regions in patients with acute myocardial infarction
treated successfully with thrombolytic agents, whereas
those with persistent coronary occlusion showed no signifi-
cant recovery of cyclic variation or wall motion in injured
regions. Patients with remote myocardial infarction have
significantly depressed cyclic variation in infarct zones com-
pared with regions that manifest normal function ( 6) . Our
present data support the view that recovery of cyclic varia-
tion of integrated backscatter more sensitively reflects re-
covery of regional intramural contractile performance than
does wall motion . Furthermore, the data indicate that the
cyclic variation of integrated backscatter provides informa-
tion characterizing regional contractile function that is not
available from the analysis of wall thickening alone . Clini-
cally, measurement of the cyclic variation of integrated
backscatter may provide a means for the rapid assessment of
regional myocardial contractile performance after the phar-
macologic or mechanical (i .e ., coronary angioplasty) treat-
ment of acute myocardial infarction when wall motion ab-
normalities may be present in reversibly injured but viable
myocardium .
We acknowledge the expert technical assistance of Delbert McGraw .
References
I . Falsetti HL, Marcus ML, Kerber RE, Skorton DJ . Quantification of
myocardial ischemia and infarction by left ventricular imaging (editorial) .
Circulation 1981 ;63 :747-51 .
. Lieberman AN, Weiss JL, Jugdutt BI, et al . Two-dimensional echocar-
diography and infarct size : relationship of regional wall motion and
thickening to the extent of myocardial infarction in the dog . Circulation
1981 ;63
:739-46.
3 . Weiss JL, Bulkley BH, Hutchins GM, Mason SJ . Two-dimensional
echocardiographic recognition of myocardial injury in man : comparison
with postmortem studies . Circulation 1981 ;63 :401-8 .
4 . Nieminen M, Parisi AF, O'Boyle JE, Folland ED, Khuri S, Kloner RA .
Serial evaluation of myocardial thickening and thinning in acute experi-
mental infarction : identification and quantification using two-dimensional
echocardiography . Circulation 198 ;66 :174-80 .
5 . Blumenthal DS, Becker LC, Bulkley BH, Hutchins GM, Weisfeldt ML,
Weiss JL. Impaired function of salvaged myocardium : two-dimensional
echocardiographic quantification of regional wall thickening in the open-
chest dog . Circulation 1983 ;67 : 5-33 .
6. Stamm RB, Gibson RS, Bishop HL, Carabello BA, Beller GA, Martin
RP. Echocardiographic detection of infarct-localized asynergy and re-
mote asynergy during acute myocardial infarction : correlation with the
extent of angiographic coronary disease. Circulation 1983 ;67 : 33-44.
JACC Vol. 14, No
.
August 1989 :46 -71
7 . Homans DC, Asinger R, Elsperger KJ, et al
. Regional function and
perfusion at the lateral border of ischemic myocardium . Circulation
1985 ;71 :1038-47
.
8 . Lima JAC, Becker LC, Melin JA, et al
. Impaired thickening of non-
ischemic myocardium during acute regional ischemia in the dog . Circu-
lation 1985 ;71 :1048-59 .
9 . Force T, Kemper A, Perkins L, Gilfoil M, Cohen C, Parisi AF
. Overes-
timation of infarct size by quantitative two-dimensional echocardiog-
raphy: the role of tethering and of analytic procedures
. Circulation
1986 ;73 :1360-8 .
10 . Force T, Parisi AF . Quantitative methods for analyzing regional systolic
function with two-dimensional echocardiography . Echocardiography
1986 :3 :319-31 .
11
. Heyndrickx GR, Millard RW, McRitchie RJ, Maroko PR, Vatner SF .
Regional myocardial functional and electrophysiological alterations after
brief coronary artery occlusion in conscious dogs
. J Clin Invest 1975 ;
56 :978-85 .
1 . Braunwald E, Kloner RA . The stunned myocardium : prolonged, post-
ischemic ventricular dysfunction . Circulation 198 ;66:1146-9 .
13 . Nixon JV, Brown CN, Smitherman TC . Identification of transient and
persistent segmental wall motion abnormalities in patients with unstable
angina by two-dimensional echocardiography . Circulation 198 ;65 :1497-
503 .
14 . Wickline SA, Thomas LJ III, Miller JG, Sobel BE, Perez JE
. A relation-
ship between ultrasonic integrated backscatter and myocardial contractile
function . J Clin Invest 1985 ;76 :
151-60
.
15 . Glueck RM, Mottley JG, Miller JG, Sobel BE, Perez JE . Effects of
coronary artery occlusion and reperfusion on cardiac cycle-dependent
variation of myocardial ultrasonic backscatter . Circ Res 1985 ;56 :683-9
.
16 . Wickline SA, Thomas LJ III, Miller JG, Sobel BE, Perez JE . Sensitive
detection of the effects of reperfusion on myocardium by ultrasonic tissue
characterization with integrated backscatter. Circulation 1986 ;74 :389-
400 .
17
. Fitzgerald PJ, McDaniel MD, Rolett EL, Strohben JW, James DH
.
Two-dimensional ultrasonic tissue characterization
: backscatter power,
endocardial motion, and their phase relationship for normal, ischemic,
and infarcted myocardium . Circulation 1987 ;76 :850-9.
18 . Milunski MR, Canter CE, Wickline SA, Sobel BE, Miller JG, Perez JE .
Cardiac cycle-dependent variation of integrated backscatter is not dis-
torted by abnormal myocardial wall motion in human subjects with
paradoxical septal motion . Ultrasound Med Biol 1989 ;15 :311-7.
19 . Madaras El, Barzilai B, Perez JE, Sobel BE, Miller JG . Changes in
myocardial backscatter throughout the cardiac cycle
. Ultrasonic Imaging
1983
;5 : 9-39 .
0 . Barzilai B, Madaras El, Sobel BE, Miller JG, Perez JE . Effect of
myocardial contraction on ultrasonic backscatter before and after isch-
emia . Am J Physiol 1984 ; 47 :H478-83 .
1 . Wickline SA, Thomas LJ III, Miller JG, Sobel BE, Perez JE . The
dependence of myocardial ultrasonic backscatter on contractile perfor-
mance. Circulation 1985 ;7 :183-9 .
. Sagar KB, Rhyne TL, Warltier DC, Pelc L, Wann LS . Intramyocardial
variability in integrated backscatter : effects of coronary occlusion and
reperfusion . Circulation 1987 ;75 :436-4 .
3 . Sagar KB, Pelc L, Rhyne TL, Warm LS, Warltier DC . Influence of heart
rate, preload, afterload, and inotropic state on myocardial ultrasonic
backscatter. Circulation 1988 ;77 :478-83
.
4 . Wickline SA, Mohr GA, Shoup TA, et al . Delineation of improved
contractile performance after thrombolysis in acute myocardial infarction
with real-time two-dimensional ultrasonic integrated backscatter (abstr) . I
Am Coll Cardiol 1988 ;1l(suppl A):99A .
5 . Vered Z, Barzilai B, Mohr GA, et al . Quantitative ultrasonic tissue
characterization with real-time integrated backscatter imaging in normal
human subjects and in patients with dilated cardiomyopathy
. Circulation
1987 ;76 :1067-73 .
JACC Vol . 14, No .
August 1989 :46 -71
6 . Vered Z, Mohr G, Gessler C, et al . Ultrasound integrated backscatter
tissue characterization of remote myocardial infarction in human sub-
jects . J Am Coll Cardiol 1989 ;13 :84-91
.
7 . Thomas LJ III, Barzilai B, Perez JE, Sobel BE, Wickline SA, Miller JG .
Quantitative real-time imaging of myocardium based on ultrasonic inte-
grated backscatter . IEEE Trans Ultrason Ferroelectr Frequency Control
1989 (in press) .
8 . Mohr GA, Vered Z, Barzilai B, Perez JE, Sobel BE, Miller JG . Auto-
mated determination of the magnitude and time delay ("phase") of the
cyclic variation of ultrasonic integrated backscatter (abstr) . Ultrasonic
Imaging 1988 ;10 :78 .
9
. Press WH, Flannery BP, Teukolsky SA, Vetterling WT
. Numerical
Recipes in C . Cambridge : Cambridge University Press, 1988 :481-6 .
30 . Heyndrickx GR, Baig H, Nellens P, Leusen I, Fishbein MC, Vatner SF
.
Depression of regional blood flow and wall thickening after brief coronary
occlusions . Am J Physiol 1978 ; 34 :H653-9 .
31 . Weintraub WS, Hattori S, Agarwal JB, Bodenheimer MM, Banka VS,
Helfant RH . The relationship between myocardial blood flow and con-
traction by myocardial layer in the canine left ventricle during ischemia .
Circ Res 1981
;48
:430-8 .
3 . Gallagher KP, Osakada G, Hess OM, Koziol JA, Kemper S, Ross JR Jr
.
Subepicardial segmental function during coronary stenosis and the role of
myocardial fiber orientation . Circ Res 198 ;50 :35 -9 .
33. Cox DA, Vatner SF . Myocardial function in areas of heterogeneous
perfusion after coronary artery occlusion in conscious dogs . Circulation
198
;66 :1154-8 .
34
. Ellis SG, Henschke Cl, Sandor T, Wynne J, Braunwald E, Kloner RA .
MILUNSKI ET AL .
	
471
TISSUE CHARACTERIZATION OF STUNNED MYOCARDIUM
Time course of functional and biochemical recovery of myocardium
salvaged by reperfusion . J Am Coll Cardiol 1983 ;L1047-55 .
35 . Bush LR, Buja LM, Samowitz W, et al . Recovery of left ventricular
segmental function after long-term reperfusion following temporary cor-
onary occlusion in conscious dogs : comparison of - and 4-hour occlu-
sions . Circ Res 1983 ;53 : 48-63
.
36
. Gallagher KP, Stirling MC, Choy M, et al . Dissociation between epicar-
dial and transmural function during acute myocardial ischemia . Circula-
tion 1985 ;71 :1 79-91 .
37 . Bolli R, Zhu WX, Thornby JI, O'Neill PG, Roberts R . Time course and
determinants of recovery of function after reversible ischemia in con-
scious dogs . Am J Physiol 1988 ; 54 :H10 -14 .
38 . Kloner RA, Ganote CE, Whalen DA, Jennings RB . Effect of a transient
period of ischemia on myocardial cells . II . Fine structure during the first
few minutes of reflow . Am J Pathol 1974 ;74:399-4 .
39
. Reimer KA, Lowe JE, Rasmussen MM, Jennings RB . The wavefront
phenomenon of ischemic cell death . I . Myocardial infarct size vs duration
of coronary occlusion in dogs . Circulation 1977 ;56 :786-94 .
40 . Sabbah HN, Marzilli M, Stein PD . The relative role of subendocardium
and subepicardium in left ventricular mechanics . Am J Physiol 1981 ;
40 :H9 0-6 .
41 . Gaasch WH, Blaustein AS, Bing OHL . Asynchronous (segmental early)
relaxation of the left ventricle . J Am Coll Cardiol 1985 ;5 :891-7 .
4
. Takayama M, Norris RM, Brown MA, Armiger LC, Rivers JT, White
HD. Postsystolic shortening of acutely ischemic canine myocardium
predicts early and late recovery of function after coronary artery reper-
fusion . Circulation 1988 ;78 :994-1007 .
